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1 Introduction 
When an object is perceived visually as moving, it 
may not be real motion.  The alternate turning on 
and off of two lights with proper distance and 
timing induces a sense of the movement of the 
light, called apparent motion [1].  This image of 
motion is the product of the human brain because 
no such motion exists in the visual stimuli 
presented.  Visual illusions such as apparent motion 
have been important in the development of visual 
science because these phenomena have been highly 
useful for analyzing the mechanisms of the visual 
system.  Although the neural substrates of visual 
motion perception in animals have been extensively 
investigated, recent methodologies for noninvasive 
measurement of brain activity, positron emission 
tomography (PET), and functional magnetic 
resonance imaging (fMRI) now permit studies on 
human brains.  Since the first remarkable 
demonstration by Zeki et al. [2], a number of PET 
and fMRI studies have found restricted cortical 
regions in the human brain that are exclusively 
related to the perception of visual motion [3,4].  
In a previous magnetoencephalography (MEG) 
study, we showed the existence of a localized 
cortical region in the human brain, which responds 
to both apparent motion and smooth motion [5].  
The estimated origin of the magnetic responses 
corresponded to the region identified by PET and 
fMRI studies as responsible for visual motion 
perception.  The purpose of our present study was 
to examine the relationship between the magnetic 
responses from that region and subjective 
assessment of the quality of perceived motion.  
Because MEG detects magnetic fields created by 
currents that are directly related to neural activity 
with high temporal resolution [6], rather than the 
change in regional blood flow that PET and fMRI 
measures, our study provides information on 
whether the neural activity which corresponds to 
the perception of apparent motion is present in the 
human brain. We reported results [7], and 
summarized them in this article.  

2 Methods 
2.1 Subjects 
Five healthy volunteers (all men, aged 26-39) 
participated in this study.  All subjects gave 
informed consent prior to participation in this 
study.  All of them were right handed but a subject 
(S3).  All subjects had normal visual acuity or with 
optical lenses, if necessary. 

2.2 Visual stimuli 

For the visual stimulus to induce apparent motion, 
we used two bar-shaped red light emitting diodes 
(LEDs).  Both LEDs (L1 and L2) (0.6 cd m-2, 20x2 
mm in diameter) were placed at the left side of the 
fixation point (green square LED; 0.3 cd m-2, 2x2 
mm), separated by 1 degree visual angle each other.  
The LED (L2) next to the fixation point was also 
located 1 degree offset from the fixation point.  To 
get sub-millisecond accuracy of the LED lightening 
time, we developed the analog circuit that switched 
LEDs on command from a PC.  Each LED was 
turned on alternately for 2 s with varied inter-
stimulus interval (ISI) in the range between (-)140 
and (+)150ms.  A minus ISI value indicates that the 
two lights are on simultaneously for that duration.  
This stimulus induced two directions of the 
apparent motion.  The onset of L1 following the 
offset of L2 induced apparent motion away from 
the fixation point (Event 2), and the onset of L2 
following the offset of L1 toward the fixation point 
(Event 1).   

2.3 Measurement of magnetic responses 

A 37 channels-neuromagnetometer (Magnes, BTi) 
was used as reported previously to record MEG 
responses [5].  In brief, each subject lay on a bed on 
the right side of the body in a magnetically shielded 
room and was instructed to gaze at the fixation 
point.  The luminance in the room was 4.1 lux.  The 
distance from the subject's nasion to the fixation 
point was 150 cm.  MEG responses beginning 200 
ms before and ending 500 ms after the offset of the 
LED lightening were collected at a sampling rate of 
2083.3 Hz with the frequency range between 



1.0 and 80 Hz.  Horizontal eye movement was also 
monitored by the electrooculogram (EOG) recorded 
by the two gold-coated electrodes placed at the 
lateral edge of the orbit of both eyes.  In off-line 
averaging of both MEG and EOG data, MEG 
responses drifted more than ±3 pT and EOGs 
drifted more than ±200 µV were discarded.  In 
total, more than 200 responses for each event of the 
stimulus were averaged separately.  In some data, 
EOG threshold for the off-line averaging was 
reduced to ±40 µV to check the effect of eye 
movements on MEG responses.  Peak latencies and 
amplitudes of the magnetic responses were 
measured as the root mean square (RMS) values 
across the 37 channels of averaged MEG data.  The 
single equivalent current dipole (ECD) model was 
used to estimate the location of the cortical 
activities that produced the magnetic fields 
recorded for each stimulus condition.  The criteria 
for the application of the model were the same as 
reported previously [5].   To estimate the area of the 
activated cortex from the dipole moment, a dipole 
moment of 10 nAm was assumed to correspond to 
an active cortex area of 40 mm2 [6].  The location 
of the estimated dipole was superimposed on the 
magnetic resonance images (MRIs) of each subject 
for the anatomical investigation.   

2.4 Psychophysical experiment 
To compare the MEG results with the subjective 
perception of the apparent motion, we examined the 
psychophysical test using the same subjects.  The 
experimental conditions a psychophysical test was 
made on the subjects.  The experimental conditions 
were the same as those for MEG study.  In this 
study, the subject was asked to speak aloud the 
number (0 to 5) according to his feeling of the 
smoothness of the apparent motion perceived as the 
previous study [8].  The number 5 indicates that the 
subject see the perfect smooth motion; 3 that 
motion was partial but still very marked; 0 that 
what was seen bore no resemblance to motion.  The 
number between these values was used as they feel.  
ISI was varied from (-) 120 to (+) 200 ms in a step 
of 20 ms. Subjects were exposed to each value of 
ISI at random 30 times for each, thus they had 540 
stimuli in total.  Each visual stimulus was presented 
every 10 seconds.  All experiments were done with 
one direction (toward the fixation point, Event 1). 
The Pearson correlation and Bonferroni probability 
tests were used for the statistical comparison of the 
distribution of magnetic response strength and 
subjective rating of each ISI. To compare the 
patterns each data distribution was normalized to 
distribution with a mean of 0 and an S.D. of 1.0 by 

the following equation: X = (x-m) / sd, where X is a 
normalized data, x is a measured data, m and sd is 
the mean and S.D. across the data.  The Freidman 
test was used to evaluate the effect of the ISI on the 
peak latency of the first magnetic response.  
Statistical significance level was applied by P value 
<0.05. 

3 Results 
3.1 Magnetic response to the apparent 

motion stimulus 
We found no differences in the pattern of 
waveforms and RMS between Event 1 and Event 2 
under all experimental conditions used.  Compared 
with waveforms of MEG in the same session 
recorded simultaneously under two-selection 
condition of an EOG deflection, the MEG response 
was not affected by eye movement within +/-  
40 µV. Figure 1 shows the time course of averaged 
MEG waveforms from a single subject started 200 
ms before and ended 500ms after the trigger onset 
for each ISI for Event 1.   

 
Figure 1: Time courses of averaged waveforms of 
37-ch MEGs recorded from a single subject (S1) 
for each ISI in one direction of the apparent motion 
(Event 1).  The first component of responses with 
relatively high amplitude were constantly evoked 
for all the ISI conditions.  The peak amplitude of 
this first component reached maximum about 
ISI=0ms.  The peak latency of the first component 
was constant for ISI≥0ms.  Although the peak 
latency from the trigger (turning off of L1) 
decreased for ISI<0ms, the interval between the 
peak and the first visual stimulus (turning on of L2) 
remained constant.  Closed triangles  indicate the 
turning off of L1, and open triangles the turning on 
of L2. 

When ISI was between 0 ms and 80 ms, the 
magnetic evoked responses consisted of a single 
component with a relatively high amplitude.  Those 
for the other ISIs consisted of more complicated 



components, but the first component was always 
larger and easily distinguished.  The peak 
amplitude in these first magnetic evoked responses 
reached a maximum of about ISI=0 ms then 
decreased gradually with time.  The peak latency 
from trigger onset was constant for ISI≥0 ms.  
Although the onset latency of this evoked responses 
was faster when ISI<0 ms, the interval between the 
peak and the first visual stimulus (onset of L2) was 
the same.  Each subject’s peak RMS latencies 
varied between 140 ms and 160 ms, however, the 
effect of the ISI was not significant for any of the 
subjects (p>0.05, the Freidman test). 

3.2 Relationship between MEG data and 
motion perception 

We measured the peak RMS amplitude and the 
dipole (ECD) moment in the first component of the 
magnetic evoked responses systematically.  
Although the peak values of both RMS and ECD 
moment were variable for each subject, their peak 
tend to reach maximum around ISI=0 ms (data not 
shown).  To compare the relative distribution of 
MEG data and the psychophysical mean ratings of 
motion, the distributions of the peak RMS 
amplitude, ECD moment and the subjective ratings 
were normalized and averaged across all the 
subjects’ data.  Figure 2 shows the normalized 
mean values for ECD moment and subjective 
ratings overlapped on the same graph ranging from 
(-) 120 to 150 ms.   

 
Figure 2: Comparison of the normalized 
distributions of the measured ECD moment (open 
circle) and the subjective ratings (closed circle) 
ranging from (-) 120 ms to 150 ms.  Although all 
showed similar distribution pattern, only the 
correlation coefficient for the distributions of the 
ECD moment and subjective rating was significant  
(r=0.848, rp=0.002). 

As seen, the distributions of ECD moment and 
subjective ratings had a high correlation coefficient 
(0.848) and was statistically significant (p=0.002).  
However, the correlation coefficient between RMS 
and subjective ratings (r=0.602, p=0.0655).  The 
reason for the difference may be that the RMS 
value is affected by change in the sensor positions 
relative to the person’s head, which usually varied 
by a few centimeters in each measurement.  
Theoretically, the estimation of the ECD location 
and moment of the response from the localized 
region is not affected by such small variations in 
sensor position.  Because the simple onset and 
offset responses had the same latencies for the first 
components, the change in ECD moment of the 
response might be due to simple summation of both 
onset and offset responses with varied latencies 
caused by ISI.  We created linear summation model 
(data not shown).  Although the linear summation 
model predicted the maximum value of ECD 
moment at ISI=0, its prediction that the ECD 
moment is stable when ISI is larger than 60 ms did 
not agree with the measured moment distribution 
nor correlate with the distribution of the subjective 
rating. 

3.3 Estimated dipole location 

The mean ECD location is shown on three 
dimensional brain images of a single subject (S4) in 
Figure 3.   

 
Figure 3: Mean dipole location for a single subject 
(S4) overlaid on three-dimensional brain image of 
each one.  The image is viewed from the right 
posterior side.  Because the estimated location 
usually was in the sulcus, the nearest cortical 
surface is shown by the center of the circle.  The 
area (size) of the circle corresponds to the size of 
activated cortex estimated for the maximum ECD 
moment, using the relation 40 mm2 per 10 nAm. 

The area of the circle in a brain image shows the 
size (area) of the activated cortex, estimated from 
the maximum ECD moment value.  The size of the 
area estimated for S4 was 46 mm2, ranged from 18 



to 178 mm2 for other subjects.  The center of each 
circle represents the cortical surface nearest the 
ECD location.  In all the subjects, the ECDs were 
located in similar occipito-parieto-temporal sulcus 
and the lateral sulcus. 

4 Discussion 
Our subjects perceived the motion of the LED with 
varied quality of smoothness that responded to the 
timing (ISI) of the LED presentation.  The same 
visual stimuli evoked magnetic responses in all five 
subjects, and the strength (ECD moment) of the 
first component was related to the subjective rating 
of the quality of motion.  The origin of the cortical 
activity for each subject was estimated to be in the 
occipito-parieto-temporal area.  This region has 
been called the human V5 of MT, the MT or V5 
complex, or MT+ because MT/V5 in the monkey 
cortex has been identified as specific to visual 
motion analysis [9,10].  Histological similarities 
between the human visual motion area and monkey 
MT/V5 also have been reported [9], and an fMRI 
study found functional similarity between them; 
i.e., direction specificity [11].  Our previous MEG 
study [5] showed that this region responds to both 
smooth (coherent random dot motion) and apparent 
motion stimuli as in the monkey MT/V5 [12].  The 
present study provides evidence of the functional 
similarity between these areas; the activity in this 
region corresponds to the conscious perception of 
motion [13].  In an anatomical study of humans, the 
presumptive human homologue of MT/V5 was 
ellipse of 1.5-2.0 x 1.0-1.4 cm [14], corresponding 
to an area 118-220 mm2.  This area can evoke 
magnetic responses with a dipole moment of 30 to 
55 nAm.  The ECD moment of the magnetic 
response of the subjects varied from 4.6 to 45 nAm.  
This shows that the recorded magnetic responses 
are explained by partial activation of the 
presumptive human MT/V5, but the actual spatial 
extent of the activated area in terms of the size and 
spatial localization is unknown.  
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